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Overview

• CMB lensing and reconstructions

• Science Goals

• Practicalities: astrophysical foregrounds
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The CMB as a backlight for 
nearer objects

Wayne Hu’s website 
background.uchicago.edu/~whu/These appear on small angular scales
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ACT (2007-2010)
ACTpol (2013-...)

• Atacama Plateau, Chile

• Wide-field surveys at 148, 
220 GHz

• Small beam (1’.4)

• Low noise
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4 S. Das et al.

Fig. 3.— Southern maps (ACT-S) made from 2008 (top panel) 2009 (middle panel) and 2010 (bottom panel) 148GHz observations
filtered to emphasize modes in the range ! = 500 − 2500. The four data splits were co-added to make this plot. Also delineated are the
patches used for computing power spectra. The smaller two patches common between the three maps are used to compute cross-season
cross-power spectra. The four larger patches for season 2sf are used to compute the full footprint 2008-only cross-power spectrum. Areas
of large noise or stripes are heavily down weighted in the analysis. The color scale is the same as Fig 1.
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Fig. 4.— Noise spectra for each seasons for the ACT-S maps for
148GHz (upper panel) an 218GHz (lower panel). The red solid line
shows the CMB-only spectrum. Season 3s is significantly noisier
than the other two seasons. Note that the combination of seasons
3s and 4s is more sensitive than season 2s which was used in D11
and Dunkley et al. (2011).

Fig. 5.— Comparison of a sky patch from the WMAP 7-year
94 GHz map (Jarosik et al. 2011) (top) with the map of the same
region made from ACT 148GHz (bottom) observations (co-added
across seasons). All maps have been high-pass filtered with a cos2 !-
like filter that goes from 0 to 1 for 100 < ! < 300. Agreement
between the CMB features in the two maps is clear by eye.

15 minute timestream for the 218 GHz 2008/2009/2010
data, and 9/11/11 for the 2008/2009/2010 148 GHz data.
We then interpolate across gaps in the remaining detec-
tor timestreams and deconvolve the effects of the detec-

WMAP

ACT
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• CMB is unique for lensing measurements:

• It’s Gaussian, with well-understood power spectrum

• Its redshift is (a) unique, (b) known, (c) highest

TL(n̂) = TU (n̂ +��(n̂))

CMB Lensing 

⇥�(n̂) = �2
� ��

0
d⇥

⇥⇥ � ⇥

⇥⇥⇥
⇥��(⇥n̂, ⇥),

Add many deflections along line of sight:

Photons get shifted by 
intervening mass:

n̂

T

n̂ +��
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Lensing potential 
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• Coherent over large scales 
(10º)

• Broad kernel in matter, 
peaks at z ~ 2

Redshift z

C
on

tr
ib

.

�(n̂)

Wednesday, May 1, 13



Effect of lensing
17°x17°
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Effect of lensing
17°x17°
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Lens-induced CMB Mode Coupling 

• Lens-induced mode coupling for l1 ⇥= �l2 :

L

lCMB1

lCMB2

Lensing shifts the unlensed CMB temperature TU(n̂) at a sky position n̂ by the

gradient of this lensing potential, resulting in an observed CMB temperature

T (n̂) =TU(n̂+⌅⇤(n̂))

=TU(n̂) +⌅TU(n̂) ·⌅⇤(n̂) + . . . . (2.39)

The typical deflection angle is small, with theory predictions of |⌅⇤| � 2.7

arcmin; however, the lensing field is coherent across several degrees. Lensing of the

CMB thus corresponds to bulk shifts in the CMB field by small amounts. This is

demonstrated in Fig. 2–5.

The lensing of the CMB is unique compared with the lensing of other sources

such as galaxies. The CMB e�ectively comes from a single, known redshift; it lies

at the highest redshift of all sources, meaning that the lenses will also be at high

redshift; and its statistical properties are very well understood, since it is a Gaussian

random field.

Estimates of lensing are based on a statistical approach. The properties of the

Gaussian, unlensed temperature field are determined purely by the unlensed CMB

power spectrum CU
l according to

⇥TU(l1)T
U(l2)⇤ = (2⇥)2�(l1 + l2)C

U
l1 , (2.40)

where we use the Fourier convention

T (l) =

�
d2n̂T (n̂)e�il·n̂, (2.41)

38
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for

Reconstruction idea (Zaldarriaga 1999, Hu 2001)

lx

ly

L

lCMB1

lCMB2
Use small-scale 

temperature modes  
to reconstruct 

large-scale lensing 
modes 

30001200

quadratic estimator
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Simulated Reconstruction Results

Input Recovered (filtered for large scales)

17°x17°
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Lensing Power Spectrum

Planck Collab. 2013

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

L

Fig. 11. Replotting of Fig. 10, removing 100 GHz for easier
comparison of 143 and 217 GHz. Also plotted are the SPT band-
powers from van Engelen et al. (2012), and the ACT bandpow-
ers from Das et al. (2013). All three experiments are very consis-
tent. The lower panel shows the di↵erence between the measured
bandpowers and the fiducial best-fit ⇤CDM model.

– in Planck Collaboration XVI (2013) to derive parameter con-
straints for the six-parameter ⇤CDM model and well-motivated
extensions. Lensing also a↵ects the power spectrum, or 2-point
function, of the CMB anisotropies, and this e↵ect is accounted
for routinely in all Planck results. On the angular scales rele-
vant for Planck, the main e↵ect is a smoothing of the acoustic
peaks and this is detected at around 10� in the Planck tempera-
ture power spectrum (Planck Collaboration XVI 2013). The in-
formation about C��L that is contained in the lensed temperature
power spectrum for multipoles ` <⇠ 3000 is limited to the ampli-
tude of a single eigenmode (Smith et al. 2006). In extensions of
⇤CDM with a single additional late-time parameter, lensing of
the power spectrum itself can therefore break the geometric de-
generacy (Stompor & Efstathiou 1999; Sherwin et al. 2011; van
Engelen et al. 2012; Planck Collaboration XVI 2013). As dis-
cussed in Appendix D and Schmittfull et al. (2013), cosmic vari-
ance of the lenses produces weak correlations between the CMB
2-point function and our estimates of C��L , but they are small
enough that ignoring the correlations in combining the two like-
lihoods should produce only sub-percent underestimates of the
errors in physical cosmological parameters.

In the following, we illustrate the additional constraining
power of our C��L measurements in ⇤CDM models and one-
parameter extensions, highlighting those results from Planck
Collaboration XVI (2013) where the lensing likelihood is influ-
ential.

6.1.1. Six-parameter ⇤CDM model

In the six-parameter ⇤CDM model, the matter densities, Hubble
constant and spectral index of the primordial curvature perturba-
tions are tightly constrained by the Planck temperature power
spectrum alone. However, in the absence of lensing the am-
plitude As of the primordial power spectrum and the reioniza-
tion optical depth ⌧ are degenerate, with only the combination
Ase�2⌧, which directly controls the amplitude of the anisotropy
power spectrum on intermediate and small scales being well de-
termined. This degeneracy is broken by large-angle polarization
since the power from scattering at reionization depends on the
combination As⌧2. In this first release of Planck data, we use
the WMAP nine-year polarization maps (Bennett et al. 2012) in
combination with Planck temperature data. With this data com-
bination, C��L is rather tightly constrained in the ⇤CDM model
(see Fig. 12) and the direct measurements reported here provide
a non-trivial consistency test of the model.

The eight C��L bandpowers used in the lensing likelihood are
compared to the expected spectrum in Fig. 12 (upper-left panel).
For the latter, we have used parameter values determined from
the main Planck likelihood in combination with WMAP polar-
ization (hereafter denoted WP) and small-scale power spectrum
measurements (hereafter highL) from ACT (Das et al. 2013) and
SPT (Reichardt et al. 2012)†. In this plot, we have renormalized
the measurements and their error bars (rather than the theory) us-
ing the best-fit model with a variant of the procedure described
in Sect. 5.3. Since the lensed temperature power spectrum in the
best-fit model is very close to that in the fiducial model used
to normalise the power spectrum estimates throughout this pa-
per, the power spectrum renormalisation factor (1 + �TT

L )2 of
Eq. (44) is less than 0.5% in magnitude. The predicted C��L in
the best-fit model di↵ers from the fiducial model by less than
2.5% for L < 1000. The best-fit model is a good fit to the mea-
surements, with �2 = 10.9 and the corresponding probability
to exceed equal to 21%. Significantly, we see that the ⇤CDM
model, calibrated with the CMB fluctuations imprinted around
z = 1100, correctly predicts the evolution of structure and geom-
etry at much lower redshifts. The 68% uncertainty in the ⇤CDM
prediction of C��L is shown by the dashed lines in the upper-left
panel of Fig. 12. We can assess consistency with the direct mea-
surements, properly accounting for this uncertainty, by introduc-
ing an additional parameter A��L that scales the theory C��L in the
lensing likelihood. (Note that we choose not to alter the lensing
e↵ect in CTT

` .) As reported in Planck Collaboration XVI (2013),
we find

A��L = 0.99 ± 0.05 (68%; Planck+lensing+WP+highL),

in excellent agreement with A��L = 1.
An alternative route to breaking the As-⌧ degeneracy is pos-

sible for the first time with Planck. Since C��L is directly propor-
tional to As, the lensing power spectrum measurements and the
smoothing e↵ect of lensing in CTT

` (which at leading order varies
as A2

s e�2⌧) can separately constrain As and ⌧ without large-angle
polarization data. The variation of C��L with ⌧ in ⇤CDM models

† As discussed in detail in Planck Collaboration XVI (2013), the pri-
mary role of the ACT and SPT data in these parameter fits is to constrain
more accurately the contribution of extragalactic foregrounds which
must be carefully modelled to interpret the Planck power spectra on
small scales. For ⇤CDM, the foreground parameters are su�ciently de-
coupled from the cosmological parameters that the inclusion of the ACT
and SPT data has very little e↵ect on the cosmological constraints.

16

Planck 25σ

SPT 6.3σ (van Engelen+ 2012)
ACT 4σ (Das+ 2013)

Theory: predicted by 
LCDM + 1st order 

pert. theory

}
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Timeline: CMB lensing detections
φ-gal. crosspower φ autopower CMB peak-

smearing2007

2008

2011

2012

2013

WMAP3xNVSS
3.4 σ

Smith+
WMAP3xNVSS

2.5 σ
Hirata+

ACT
4 σ

Das+

SPT
6.3 σ

van Engelen+ ACT
4.6 σ
Das+

Planck
25 σ

Planck Collab.

Planck
10 σ

Planck Collab.

SPTxHerschelCIB
7-9 σ

Holder+

ACBAR
 ~3σ

Calabrese+, Reichardt+

SPT
 5 σ

Keisler+

ACTxSDSSquasars
3.8 σ

Sherwin+

PlanckxPlanckCIB
42 σ

Planck Collab.

ACT
 ~3 σ

Dunkley+

SPTx(WISE, Spitzer/IRAC, BCS)
4-5 σ

Bleem+

WMAP5xNVSS
4 σ

Fang+

ACT
 ~3 σ

Sievers+
SPT
 8 σ

Story+

Planckx....
7-20 σ

Planck Collab.
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φ-gal. crosspower φ autopower CMB peak-
smearing2007

2008

2011

2012

2013

Future ACTpol, SPTpol
~ 60σ 
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Timeline: CMB lensing detections
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What is it good for?

• Now: curvature • Future: Σmν
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FIG. 10.— Constraints on the free-curvature model ⇤CDM+⌦
k

from WMAP7 data alone (red dotted curves); adding the SPT lensing bandpowers to WMAP7
(blue solid curves); and adding the K11 temperature power spectrum measurements to WMAP7 (green dashed curves). The top row of panels shows the one-
dimensional parameter likelihoods on ⌦

k

, H0, ⌦
m

, and ⌦⇤; the two panels on the bottom show the 95% confidence-level contours in the H0-⌦
k

and ⌦⇤-⌦
m

planes.

Lesgourgues et al. 2006; de Putter et al. 2009), the minimum
required for at least one species by oscillation experiments
(Adamson et al. 2008).

We generate lensing power spectra from the WMAP7-
allowed ⇤CDM+⌃m⌫ parameter space and again compute
SPT lensing likelihoods for each model. Although the SPT
lensing data have the statistical power to improve the con-
straint on the sum of neutrino masses by ⇠ 20%, they also
show a mild preference for low values of both �

8

and ⌦ch
2, as

seen (in the case of ⇤CDM) in Figure 7. Both of these param-
eters are degenerate with the neutrino masses. The mild pref-
erence for low values of �

8

corresponds to a mild preference
for larger values of ⌃m⌫ . The net result is that the WMAP7-
based 95% confidence level upper limit of the sum of neutrino
masses actually increases slightly, from ⌃m⌫ < 1.10 eV to
⌃m⌫ < 1.17 eV.

A significant fraction of the parameter space allowed by
WMAP7 corresponds to values of the Hubble parameter
which are inconsistent with recent observations. With the
measure of the Hubble parameter of (Riess et al. 2011) in-
cluded with WMAP7, adding the SPT lensing data changes
the 95% confidence level upper limit from ⌃m⌫ < 0.36 eV to
⌃m⌫ < 0.38 eV.

6.2.5. Dark energy equation of state

The majority of the weight in the redshift kernel for CMB
lensing, Eq. 1, lies in the matter-dominated era. The ampli-
tude of the lensing power spectrum can thus be used to pro-
vide a measure of the distance to these redshifts, leading to
constraints on the equation of state of dark energy, w. As-
suming w to be constant as a function of redshift, we show the
constraints in the w-�

8

plane in Figure 11. WMAP7 weakly
constrains w, to �1.120± 0.420, based on the measure of the

95% C.L.
van Engelen+ 2012

Planck does better; see Duncan’s talk
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Figure 2–4: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01 h Mpc�1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.
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Figure 2–4: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01 h Mpc�1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.
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Contamination from Astrophysical Foregrounds

tSZ simulation
(Sehgal et al 2009)

Unmodified

Reconstructed 
lensing

17°x17°
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• Sunyaev-Zel’dovich  clusters

• Compute bias, using 
simulations (Sehgal+ 2009 [updated], 

Bhattacharya+ in prep.) and theory

• Few % bias - needs to be 
modeled & subtracted

Example: bias from tSZ trispectrum
van Engelen+ in prep.

Contamination from Astrophysical Foregrounds
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• Point sources (<1% with 
masking)

• Also: correlations with 
lensing (5-10%)

Example: bias from tSZ trispectrum
van Engelen+ in prep.

• To do: polarized sources

Contamination from Astrophysical Foregrounds
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Figure 6–1: Left column: modelled reconstruction power for (top) dusty sources and
(bottom) radio sources, for five mask thresholds Smax. The overlaid error bars give
the mean of 100 simulations of sources up to the given threshold. Right column: the
two terms which are summed to give the curves on the left: the power spectrum term
is dashed, and the trispectrum term is dotted. The black curve is the lensing power
spectrum C��

L (o↵scale). In these y-axis units, the 15% error bar for the lensing
power spectrum corresponds to 1.5⇥10�9 at L = 700.
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Figure 6–1: Left column: modelled reconstruction power for (top) dusty sources and
(bottom) radio sources, for five mask thresholds Smax. The overlaid error bars give
the mean of 100 simulations of sources up to the given threshold. Right column: the
two terms which are summed to give the curves on the left: the power spectrum term
is dashed, and the trispectrum term is dotted. The black curve is the lensing power
spectrum C��

L (o↵scale). In these y-axis units, the 15% error bar for the lensing
power spectrum corresponds to 1.5⇥10�9 at L = 700.
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Summary

• Lensing has recently moved from “detection” to  “precision 
measurement”

• ACTpol, SPTpol are coming soon - many 10s of sigmas

• Foreground biases become important for %-level 
measurements (Σmν, w, ...) -- we have a handle on modelling 
them.
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